Introduction
The Japanese Islands are facing active convergent margin, and have suffered intense deformation. On 11 March 2011, accumulated stress on the Japan Trench was released as a catastrophic earthquake (Mw 9.0), and the number of casualties are still increasing during preparation of this manuscript. The authors offer our deepest condolences on the loss of human lives, and dedicate this paper to the deceased hoping that our research can contribute to the advancement of integrated evaluation of seismic hazards. The islands are divided into northeast and southwest Japan at the Itoigawa-Shizuoka Tectonic Line (ISTL; Figure 1 ), which is a remarkable geological break and a zone of highly active reverse faults. An area of extremely high strain rate is conventionally named as Central Japan, which is a mountainous province associated with a number of active faults/volcanoes. Based on geomorphological studies, distribution of active faults in Central Japan has been clarified in detail (Research Group for Active Faults, 1991) . Countless Quaternary tephra are precisely correlated (Machida & Arai, 2003) , and serve to monitor subtle neotectonic deformation as explained in the following sections. It is an example of a junction of arcs (northeast Japan, southwest Japan and Izu-Bonin arcs), and an intensive collision zone. Remarkable bent of geologic belts, caused by collision of the Izu-Bonin arc, has been studied from the viewpoint of paleomagnetism / structural geology. Itoh & Ito (1989) clarified process of ductile deformation of the crust since the Miocene on the basis of spatial distribution of vertical-axis rotation deduced from paleomagnetic data. Long-term deformation in Central Japan is accommodated by conjugate strike-slip fault system; the NE-SW Atotsugawa fault system and NW-SE Atera fault system (Figure 1 ). Huzita (1980) proposed that they have been activated under an E-W compressive stress regime provoked during the Quaternary. Recently, paleomagnetic studies revealed that rotation pattern around the active faults is simulated as deformation of continuous medium. Although temporal fluctuation of geomagnetic field (secular variation) generally hinders us from precise determination of tectonic rotation angles, Iwaki & Hayashida (2003) indicated that the stable thermoremanent magnetization (TRM) of a welded pyroclastic flow deposit is an instantaneous record of geomagnetic field, and describes subtle Quaternary relative rotational motions after reliable correction of tectonic tilting. Fig. 1 . Index maps of the study area. Distribution of active faults is shown after the Working Group for Compilation of 1:2,000,000 Active Faults Map of Japan (2000) . P-wave lowvelocity anomaly (shaded zone) is after Nakajima & Hasegawa (2007) . Bold gray lines in the regional tectonic inset map are convergent plate boundaries (after Seno et al., 1996) Because it is a province containing densely populated residential areas together with seismic/volcanic hazards, data of seismic activities and crustal strain have been acquired utilizing a nation-wide observation network. Since 1990s, geodetic analyses based on triangulation data over a century (Hashimoto & Jackson, 1993) and GPS data during recent decades (Sagiya et al., 2000; Sagiya, 2004; Toya & Kasahara, 2005) have delineated a zone of high strain rate; Niigata-Kobe Tectonic Zone (NKTZ) accompanied by vigorous seismic activity. The NE-SW NKTZ (regional index of Figure 1 ) roughly overlaps a right-lateral active faults zone (Atotsugawa fault system) in Central Japan, implying a contribution to the strong Quaternary deformation around the study area. A tomographic research (Nakajima & Hasegawa, 2007) found a mid-crust low-velocity portion underlying the NKTZ (Figure 1) . Therefore, the tectonic zone does not only act as short-term deformation front but also has significance in a geologic time-scale. Although quantitative description of deformation pattern is essential to elucidate evolutionary process of the intra-crust seismogenic zone, its long-term cumulative strain has not been addressed on the basis of geologic studies. Hence the authors attempt to assess the consistency between short-and long-term deformation
Origin of the neotectonic deformation zone
The origin of the NKTZ has been studied by many authors, and there are two basic ideas roughly. One is interpretation based on interplate deformation and the other one is interpretation based on intraplate deformation. Shimazaki & Zhao (2000) regarded the NKTZ as a colliding plate boundary, and discussed the observed high strain rates in terms of interplate deformation by dislocation modeling based on Savage (1983) . On the other hand, Iio et al. (2002) regarded the NKTZ as being not a plate boundary but an internal deformation zone near the eastern margin of the Amurian plate, and proposed a model of which a weak zone with low viscosity exists in the lower crust immediately beneath the NKTZ. Hyodo & Hirahara (2003) examined the model proposed by Iio et al. (2002) using a 3D finite element modeling, and showed that the observed high strain rates along the NKTZ can be explained by the crustal structure that consist of weak upper crust with half rigidity of the surrounding crust and of the viscoelastic lower crust of 15 km thickness having almost the same viscosity at the upper mantle. By a 2D finite element modeling, Yamasaki & Seno (2005) evaluated the effect of which rheological heterogeneities in the lower crust or upper mantle would give to the surface deformation, and indicated that the observed high strain rates can be reproduced by a low-viscosity upper mantle immediately beneath and trenchward of the NKTZ.
Subsurface structure of the deformation zone
Many subsurface structures based on seismic tomography study in and around the NKTZ have been shown in any scales (e.g., Wang & Zhao, 2006; Nakajima & Hasegawa, 2007; Xia et al., 2008; Iidaka et al., 2009; Kato et al., 2010) . Nakajima & Hasegawa (2007) estimated deep crustal structure beneath the NKTZ and divided this zone into three regions on the basis of the velocity structure. The first is region of which low-velocity anomaly lies in the lower crust along the NKTZ, and the second is region of which there is a prominent low velocity anomaly extending from lower crust to the uppermost mantle, and the third is region of which low-velocity anomalies exist in the upper crust and in the uppermost mantle. The results given by Nakajima & Hasegawa (2007) support basically models and ideas suggested by Iio et al. (2002) , Hyodo & Hirahara (2003) and Yamasaki & Seno (2005) .
3. Long-term study: extent of tectonic zones based on paleomagnetism
Synopsis
Deformation mode of the crust in convergent plate margins reflects complicated tectonic processes. Cumulative deformation is described by means of geologic structure (faults and folds), and, more specifically, vertical-axis rotation can be detected on the basis of paleomagnetic analysis. Central Japan has been a typical field of such investigation, because it is characterized by quite high strain rate expressed as rapid mountain building and active faulting. Recently, GPS data from plate boundary zones (e.g., Greece) have been used to describe deformation process in conjunction with tectonic rotation patterns inferred from paleomagnetic data. Because of the secular variation of the geomagnetic field, observational scatter in remanent magnetization has hindered the determination of precise rotational motions in previous studies (e.g., Mattei et al., 2004) . Therefore paleomagnetic researchers in Japan (e.g., Iwaki & Hayashida, 2003; focused on pyroclastic flow deposits and their correlative and widespread tephra. Previous studies (Reynolds, 1979; Hayashida et al., 1996) have demonstrated that fresh welded pyroclastic flow deposits preserve stable TRM as an instantaneous record of the geomagnetic field, the measured directions of which are identical with those of detrital remanent magnetization (DRM) of correlative coignimbrite ashes in remote areas. Reflecting active subduction of plates, many vigorous volcanoes are distributed in Central Japan. TRM/DRM of Quaternary pyroclastic flow deposits and correlated widespread tephra show easterly deflection from an expected direction, suggesting significant clockwise rotation. Thus, the rotational mode described on the basis of the GPS analysis seems to last through the Quaternary. Beck (1980) , uncertainty of which is given based on Demarest (1983) . ∆R for the Kitawaki V.A. is not shown because of small number of sites. In some areas, ranges of R values for site-mean paleomagnetic directions are shown in brackets, because scatter of vector directions skewed by differential rotations is not reasonably estimated on the basis of Fisher statistics. Data are after: A, this study; B, ; C, Itoh et al. (2003) ; D, Iwaki & Hayashida (2003) ; E, ; F, Itoh et al. (2007) ; G, Itoh & Danhara (2008) ; H, Niitsuma et al. (2003) ; I, Itoh & Hayakawa (1988) ; J, Itoh & Watanabe (1997) . * As for the Shiratsuchidani V.A., range of R is not shown, because the reference data (Pink V.A.) itself has large scatter linked to neotectonic rotation.
The authors have reviewed previous paleomagnetic data around Central Japan since the late Neogene (Itoh & Danhara, 2008; Itoh & Hayakawa, 1988; Itoh & Watanabe, 1997; Itoh et al., 2003 Itoh et al., , 2007 Iwaki & Hayashida, 2003; Niitsuma et al., 2003) , in an effort to delineate an area of cumulative subtle crustal deformation. Reliable paleomagnetic data accompanied with correction of tectonic tilt, age assignments and progressive demagnetization tests are listed in Table 1 , and spatial distribution of the data is presented in Figure 2 . It is clearly noted that the areas of significant clockwise rotation are aligned in a NE-SW orientation, and fairly accords with the geodetically detected shear deformation zone. In order to avoid confusion raised by using the same term for tectonic zones defined on different bases, we name the paleomagnetically detected deformation zone as the Central Japan Shear Zone (CJSZ), although sparse distribution of the paleomagnetic data is not enough to define precise border of the CJSZ. Table  1 for data source and amount of rotational motions
In this section, we present a new early Quaternary paleomagnetic dataset obtained from the eastern flank of the ISTL, which gives us an insight for evaluation of the crisscrossing paradoxical neotectonic zones; north-trending ISTL and northeast-trending CJSZ (or NKTZ).
Geology
Reflecting strong contraction on the ISTL, Neogene-Quaternary on its eastern flank is exposed as a fault-bounded N-S elongated tilted block. It is collectively named as the Omine Belt (Kosaka & Arai, 1982) . Among the numerous volcaniclastic layers intercalated within the fluvial sequences, two glassy ashes (Takagariyama I and II) were correlated with extensive Quaternary pyroclastic flow deposits in Central Japan and widespread tephra ( Figure 3 ) by Nagahashi et al. (2000) . They stated that the volcanic products occurred just above the Olduvai Subchronozone. Fig. 3 . Correlation of Quaternary pyroclastic flow deposits and widespread tephra around Central Japan (Nagahashi et al., 2000) . See Fig. 2 for provinces, Table 1 for geologic units
Paleomagnetism
Volcaniclastic samples were obtained from 13 sites in the study area. In each site, 10~17 cores were obtained using an electric drill, and independently oriented by a magnetic compass. We prepared 12~28 standard-sized specimens (25 mm in diameter and 22 mm in height) for each site. For all specimens, bulk initial susceptibility was measured using a magnetic susceptibility meter (Bartington MS-2). Natural remanent magnetization (NRM) was measured using a spinner magnetometer (Schonstedt SSM-1) or a cryogenic magnetometer (model 760-R SRM, 2-G Enterprises). Stable remanent magnetization residing in samples was isolated through progressive thermal demagnetization (PThD) experiment up to 680 °C. Specimens were heated in air using a non-inductively wound electric furnace. Residual magnetic field within the samplecontaining space of the furnace, which is covered by multi-layered µ-metal envelopes, was less than 10 nT. Typical results of demagnetization tests are shown in Figure 4 . A stable primary component of remanent magnetization is expressed as a linear trend converging to the origin of a vector-demagnetization diagram or a confined plot on an equal-area projection. Since the magnetic directions were not changed after demagnetization at the Curie temperature of magnetite (~580 °C), stable remanence of the present samples is probably carried by dominant titanomagnetite and a small amount of ilmenohematite. As a result, we obtained characteristic remanent magnetization (ChRM) from the two ash layers as listed in Table 2 . Table 2 . Magnetic directions obtained from the Takagariyama Volcanic Ash layers PCA and GCF in calculation method of magnetic direction are principal component analysis and great circle fitting, respectively; D and I are in situ site-mean declination and inclination, respectively; Dc and Ic are untilted site-mean declination and inclination, respectively; α 95 is the radius of 95 % confidence circle; κ is Fisher's precision parameter; N is the number of specimens; φ and λ are the latitude (N) and the longitude (E) of the north-seeking virtual geomagnetic pole of the untilted site-mean magnetic direction, respectively. (Iwaki & Hayashida, 2003; Nagahashi et al., 2000) . Open symbols on the equal-area projections are on the upper hemisphere. Dotted ovals are limit of 95 % confidence deflection from the reference, implying clockwise rotation around a vertical axis. We regard that the significant deflection is not attributed to a superficial landslide or flow-induced deflection of DRM direction but to a tectonic rotation because of a concordant rotational motions of the two data horizons. As shown in Figure 5 (right), ChRM directions of the Takagariyama I (OM03) and II (OM04) obtained from a sampling route exhibit identical rotation angles from reference directions, a fact which suggests block rotation later than accumulation of the fluvial sequence. Spatial distribution of rotational motions (see Figure 6 ) implies that the northern part of the study area is out of the CJSZ.
As shown in this case study, even in an area out of the distribution of pyroclastic flow deposits, stratigraphic correlation enables us to determine contemporaneous paleomagnetic directions of tephra derived from the same source vent as the pyroclastic flows. The authors have presented new paleomagnetic data of early Quaternary widespread tephra distributed on the eastern flank of the ISTL, of which stable remanent magnetization shows significant easterly deflection from an expected direction, thus, tectonic clockwise rotation is certified as correct regardless of the contractional activity on the ISTL. Further research is necessary for the understanding of temporal change in deformation modes.
Closer look on deformation modes: advanced paleomagnetic study 4.1 Synopsis
Closer look on the differential rotation pattern implies progressive segmentation of upper crust along a master fault and deformation of rotated blocks bounded by nested-faults, presence of which was confirmed through field survey. Itoh et al. (2003) clarified that paleomagnetic directions of an extensive Pleistocene (see Figure 3 for the stratigraphic position) pyroclastic flow deposit (Nyukawa Pyroclastic Flow Deposit; NPFD) distributed on the active Enako fault showed a cyclic fluctuation in amount of vertical-axis rotation, which is controlled by a deformation of nested fault blocks. Itoh & Amano (2004) executed an intensive paleomagnetic analysis of rotational motions within a large granitic pluton along an underground drift in northeast Japan, and found that a progressive segmentation of upper crust on a fault is accompanied with differential rotation of faulted blocks around three orthogonal axes. It is, therefore, important to describe rotation patterns in detail for the understanding of the deformation process of the study area. Upon the western flank of the ISTL, the Atotsugawa fault and the Inohana fault (see Figure  1 ) lie along the northern and southern limits of the dextral shear zone, NKTZ, respectively, which is coincident with an area of clockwise rotation based on the GPS analysis. In this section, we focus on modes of tectonic rotation around the southern Inohana fault because paleomagnetism of the early Pleistocene NPFD (Figure 7 ), which has been utilized for neotectonic study (e.g., as a result of its extensive distribution and stable magnetization, may delineate deformation and rotation pattern around the margin of a significant paleomagnetic shear zone, CJSZ. We aim to describe an incipient tectonic zone with small cumulative strain, which is significant for the understanding of recent tectonic regime.
Geology
As a result of steady plate subduction, Central Japan has been a site of vigorous arc volcanism. Among numerous pyroclastic flow deposits, the early Quaternary NPFD ( Ma, Nagahashi et al., 2000) and late Quaternary Kamitakara Pyroclastic Flow Deposit have the most extensive distribution, and their paleomagnetic directions have been reported by many researchers. The present study deals with the NPFD erupted from the Mt. Hotaka (Figure 1 ), because it is scattered around the southern border of the geodetically defined NKTZ. The NPFD is a dacitic pyroclastic flow deposit scarcely accompanied with visible eutaxitic structure. It consists of a single cooling unit (Yamada et al., 1985) , and then, of which remanence is regarded as TRM synchronously acquired during initial rapid cooling. Our sampling areas (Figure 7) are out of the areas of the previous paleomagnetic studies. Fig. 7 . Sampling areas for paleomagnetic study on the western flank of ISTL. Distribution of the Nyukawa Pyroclastic Flow Deposit (NPFD) and trace of the Inohana Fault are after Yamada et al. (1985) and Yamada & Kobayashi (1988) . See Fig. 1 for the mapped location
The NKTZ is partly parallel to the Atotsugawa fault system and numerous NE-SW active dextral faults in the northern part of Central Japan. Among such faults, deformation pattern has been intensively studied around the Enako fault (Figure 1 ) that has high slip rate and contributed for formation of an intermontane pull-apart basin together with en echelon Makigahora fault Itoh et al., 2003 . There is a NE-SW fault roughly running along the southern margin of the NKTZ; named as the Inohana fault (Figures 1 and  7 ). It has a moderate level of activity with dominantly right-lateral offset as large as 850 m (Research Group for Active Faults, 1991). In order to evaluate the fault-related neotectonic deformation, paleomagnetic sampling was executed in the Ichinokaiyama (IC) and Akigami (AK) / Nunogawa (NU) areas on the northern and southern sides of the Inohana fault, respectively ( Figure 7 ). Except for a non-welded tuff taken in the NU area, all the samples are densely welded.
Paleomagnetism
Since the eutaxitic structure for correction of tectonic tilt is affected by topographic relief of bed rocks, we avoided basal part of the pyroclastic flow deposit referring to results of geological survey. In each site, 8~12 cores were obtained using an engine drill or an electric drill, and independently oriented by a magnetic compass. We prepared 16~31 standardsized specimens, for which measurements of bulk initial susceptibility and NRM on a spinner magnetometer (Schonstedt SSM-1) were executed as explained in the previous section. Anisotropy of initial magnetic susceptibility (AMS) was also determined for all specimens upon a KappaBridge system (KLY-3S). Site-mean AMS parameters are listed in Table 3 . In order to isolate stable remanent magnetization, PThD was executed up to 640 °C. Specimens were heated in air using an electric furnace as explained in the previous section. Figure 8 presents typical results of the PThD test. As for the IC and AK areas, the NRM of the NPFD shows a linear trend converging to the origin of vector-demagnetization diagrams with reversed polarity, accompanied by subtle secondary overprint demagnetized under 300 °C. We interpret that the component with lower unblocking temperature (T UB ) is a secondary viscous component acquired during recent geologic period, and the higher T UB component is a primary TRM acquired in the Matuyama Chron. Directions of the stable component were determined on the basis of a three-dimensional least squares technique (Kirschvink, 1980) . Site-mean TRM directions are listed in Table 4 . Magnetic directions obtained from the Nyukawa Pyroclastic Flow Deposit D and I are in situ site-mean declination and inclination, respectively; Dc and Ic are untilted site-mean declination and inclination, respectively; α 95 is the radius of 95% confidence circle; κ is Fisher's precision parameter; N is the number of specimens; φ and λ are the latitude (N) and the longitude (E) of the north-seeking virtual geomagnetic pole of the untilted site-mean magnetic direction, respectively. As for the non-welded tuff obtained from the NU area, PThD showed presence of a stable normal component parallel to the recent geomagnetic field (Figure 8 ). Because welded blocks of the NPFD were often found in tuff outcrops along the Nunogawa River route, we regard the component as a DRM acquired during redepositional event in the Brunhes Chron. Hence the NU area is excluded from the following analysis.
Fig. 9. Decay of three orthogonal IRM components during PThD for the NPFD specimens
For representative specimens, NRM was AF-demagnetized (peak field=100 mT), then isothermal remanent magnetization (IRM) was acquired using a pulse-magnetizer (MMPM-10). According to the Lowrie's (1990) method, IRMs were successively imparted in three orthogonal directions under direct magnetic fields; 3.0, 0.4 and 0.12 T. Figure 9 presents PThD results of the orthogonal IRMs. It is clear that soft component with low coercive force (H C < 0.12 T) is dominant and demagnetized under 580 °C. Medium and hard components have minor contribution, and demagnetized under 640 °C. These results indicate that the single TRM component resides in titanomagnetite with a small amount of ilmenohematite, which is same as the previous reports for the NPFD (Itoh et al., 2003 . Itoh et al. (2003 reported that oblate AMS fabric and microscopic eutaxitic structure can be utilized as proxies of initial horizontal plane of the NPFD. Except for a case that the structural attitude was determined through outcrop observation (AK08), we regarded the microscopic eutaxitic structure as the primary data for tilt correction. However, AMS data were utilized in most cases (Table 4 ) since the eutaxitic structure was hardly defined by microscopic observation in the present study. Figure 10a and b show easterly and westerly deflections in tilt-corrected site-mean directions for the IC and AK areas, respectively. Figure 10c demonstrates that formation-mean direction for the IC area is deflected from a reference direction, whereas formation-mean direction for the AK area is indistinguishable from a reference direction of DRM of a widespread water-laid tephra correlated with the NPFD (Nagahashi et al., 2000) . Because the sampling site of the tephra is out of the deformation zone in Central Japan (NKTZ), it is suggested that southern border of the shear deformation zone accompanied by clockwise rotational motion (CJSZ) is located between the IC and AK areas. It is also pointed out that rotation angles on both sides of the dextral Inohana fault show large scatter whereas an inclination statistics suggests concordant mean inclination for the study areas (Figure 10 ). Precision parameter (κ) based on conventional Fisher statistics (41.1 for composite mean of IC and AK areas) is smaller than that obtained 297 from an inclination statistics (Kono, 1980 ) (58.1 for composite dataset of IC and AK areas), a fact which implies that directional scatter is attributed to rotational motion around vertical axes. We, then, attempt to evaluate fault-related differential rotations of supracrustal layer. Fig. 10 . Untilted site-mean directions of the IC (a) and AK (b) areas, and formation means obtained from the study areas together with reference direction (c). The diamond symbol is a reference direction (Kd39) after Nagahashi et al. (2000) . All the data are plotted on the upper hemisphere of the equal-area projections. Dotted ovals are 95 % confidence regions of mean directions. Parameters in enclosures are calculated using an inclination statistics (Kono, 1980) , and ∆I, shown by shaded areas, is the 95 % confidence limit of the mean inclination (dashed girdles)
Tectonic implications
Untilted site-mean directions of the NPFD show a wide variety in declinations suggestive of differential rotation around vertical axes (Figure 10a and b) . To avoid the rotational bias, mean inclinations and their scatters calculated on the basis of an inclination statistics (Kono, 1980) are shown for the IC and AK areas in the figure. The mean inclination values are comparable with the previously reported values of the NPFD, and endorse reliability of the correction of tectonic tilting. As for the scatter in declinations in the IC area, spatial change seems to be associated with non-rigid deformation of nested-fault blocks. Figure 11a illustrates a simplified lithology and geologic structure around the IC area. A cross-plot in Figure 11b clarifies that the easterly deflection (amount of clockwise rotation) decreases near nested vertical faults activated by dextral slips on the master Inohana fault, which is similar to a block deformation model after Itoh et al. (2003) . We described dense NNW-SSE fractures along the presumed nested faults F3, F4 and F5 (Figure 11c ) that affects distribution of the NPFD, although clear indicators for lateral slip were not identified in outcrops. Thus development of subordinate faults along the Inohana fault controls the pattern of differential rotation in the IC area. As for the F1 and F2 faults running through the paleomagnetic sampling sites, we executed more detailed geological survey and found significant indications for existence of nested faults. Our result is summarized as Figure 12 . Along the forestry road, we found highly brecciated pyroclastic flow deposits near the nested faults. On the F1 trend, we found a vertical fault contact between the Cretaceous Nohi Rhyolite and the Pleistocene NPFD without a chilled nonwelded margin. Although slip sense of the fault was not determined from the contact containing fault breccia and clay, it is noted that presence of nested faults predicted from paleomagnetic study has been confirmed on the basis of field evidences. As for the southern AK area, poor outcrop condition hindered us from identifying nested faults controlling differential rotation. Large scatter in declinations, however, implies a similar mechanism of non-rigid deformation. On the other hand, westerly-deflected formation mean suggests that amount of rotation decreases on the southern side of the Inohana fault. Our study demonstrates significance of an active fault that acts as boundary of a regional deformation zone (CJSZ), and, at the same time, controls localized deformation pattern by means of development of subordinate faults.
Integration: cumulative strain mapping based on a numerical model

Synopsis
Active tectonic deformation is being studied in light of numerical modeling of the upper crust. For example, Katzman et al. (1995) constructed a three-dimensional model of the Dead Sea Basin along the African/Arabian transform plate boundary in order to understand the evolution of pull-apart basins. also pursued a quantitative evaluation of pull-apart basin formation combining paleomagnetic data and dislocation modeling. Pullapart basins are found along major strike-slip faults throughout the world and their morphological character was summarized by Aydin & Nur (1982) . and dip of the fault. U1, U2 and U3 are strike-slip, dip slip and tensile components of dislocation. Positive U1 and U2 correspond to left-lateral slip and reverse slip, respectively,
In order to assess the relationship between motions on active faults and crustal deformation in the NKTZ, Central Japan, executed detailed paleomagnetic study around the Takayama basin (Figure 1 ) that has been developed as a pull-apart sag at a stepping part of active faults. They attempted to detect subtle motions around intraplate active faults that have lower slip rates than transform plate boundaries (Katzman et al., 1995) , and paleo-/rock magnetic measurements were made on the early Quaternary NPFD, one of numerous recent volcanic rocks outcropping in this region, and one for which a previous paleomagnetic studies have demonstrated the presence of a stable TRM signature and its suitability as an indicator of crustal deformation. concentrated on the NPFD distributed around the Takayama Basin, which is located in the middle of the NE-SW deformation zone. As their result is characterized by quite complex rotation pattern at the termination of faults, a dislocation modeling was introduced for the quantitative interpretation of deformation mode in the tectonic zone. Dislocation modeling is one of the simulation methods used for estimating crustal deformations, strains and tilts associated with fault motions (e.g., Chinnery, 1961; Okada, 1985 Okada, , 1992 Segall, 2010) . They are expressed as superpositions of analytical solutions for dislocation planes embedded in an isotropic elastic half-space ( Figure 13 ). This modeling method is often used to construct fault models explaining crustal deformation due to earthquakes and volcanic activities (e.g., Miura et al., 2000; Lasserre et al., 2005) . On the other hand, similar modeling has also been applied to tectonic interpretations of geological structures such as pull-apart basin (e.g., Rodgers, 1980; Kusumoto et al., 1999) , as it is a simple calculation that represents the essential kinematic characteristics of regional tectonic movements, and does not require assumptions of dynamic friction over the fault plane or a specific physical slip mechanism. Table 5 . Bold lines are simplified fault locations. The deformations are expressed in meters. See Fig. 1 for the study area of In our research procedures, dislocation modeling based on Okada's (1985) formula was employed, and the locations of the active faults were inferred from their traces at the surface. The Takayama Basin is a pull-apart depression formed by ongoing motion on active segments of the Enako and Makigahora faults (Figures 1 and 14a) . The active portion of the Enako fault has moved eastward during the Quaternary. In contrast, the active segment of the Makigahora fault has retreated westward. Our model, then, introduced a secondary vertical-slip fault, the Harayama fault. It is located where an extensional strain field is formed by the lateral fault motions, and a type of secondary fault discussed by Shen et al. (1995) . Hence, the initial distribution of vertical deformation in response to right-lateral and vertical motions of these three faults was estimated by dislocation modeling using the fault parameters shown in Table 5 . In the simulations, we gave geological large slips on the dislocation planes by assigning small slip step by step, as the Okada's formulas are derived in an elastic range. We have assumed that fault motions occurred with a 100-year interval and that the terminations of the Enako and Makigahora faults have shifted in a direction out of the Takayama Basin at the rate of 0.05 m/10 2 yr. The other fault parameters required for the modeling are assigned as follows: the dip angle, width and depth of each fault are 90°, 15 km and 15 km, respectively, and the Poisson's ratio of the crust is 0.25. The width and depth values were determined from the hypocenters of recent earthquakes. The modeling results are shown in Figure 14b . Because the dislocation model employed in this study is defined within an isotropic elastic half-space, static deformation fields are presented and vertical deformation pattern is compared with topography. The result implies that motion on all three faults is required to account for geological structures in and around the Takayama Basin. 
Vertical deformation field
Spatial distribution of cumulative rotational motions
Vertical-axis rotation (ω z ) is defined as follows (e.g., Jaeger, 1962) ;
where u x and u y are displacement in the x and y directions, respectively. The vertical-axis rotation is independent of the elastic constants, and the direction and magnitude of the rotations due to fault motions are determined solely by the fault parameters. The vertical-axis rotation estimated using a dislocation plane embedded in an elastic isotropic half-space is smaller than the amount of the observed vertical-axis rotation, because an elastic dislocation model gives only static deformation and strain fields. Thus, it is necessary to employ a modeling technique based on a viscoelastic theory that can Pollitz, 1992) and it has been shown that the deformation and strain fields they produce are dependent on the assumed viscoelastic structures, the fault type and fault length (e.g., Pollitz, 1992) . On the other hand, Sonder et al. (1994) attempted to interpret paleomagnetic data observed in a shear zone under the pure shear deformation assumption by means of a thin viscous sheet model obeying a power law rheology discussed by England & McKenzie (1983) and England & Wells (1991) . In our study field, it is difficult to justify the pure shear deformation assumption, and specific viscoelastic structures are unknown. Fig. 15 . Vertical-axis rotation field represented as vectors on the geographical map (elevations in meters). White bold lines indicate simplified fault locations. See Fig. 1 for the study area of Therefore, as a preliminary explanation, we have attempted to interpret the observed vertical-axis rotation pattern by introducing a suitable correction coefficient to the rotation field given by purely elastic dislocations. Because our study area is small, we have applied the correction coefficient uniformly to the calculated vertical-axis rotation. Following further trial and error we have found that if the correction coefficient is 10, the calculated verticalaxis rotation can be compared with observed data. Figure 15 shows the vertical-axis rotation fields estimated from calculations based on the fault parameters given in Table 5 . This figure illustrates that all three faults have large rotations at their terminations. A counterclockwise rotation is formed at the terminations of the Makigahora and Enako faults, and clockwise rotation is distributed in the wide area except at these fault terminations. Conversely, the polarities of the vertical-axis rotations at both terminations of the Harayama fault are opposite. We found that the spatial distribution of cumulative rotation described by paleomagnetic study was restored based on the simplified model. Thus, the numerical modeling is useful to understand the causal relationship between fault motions and crustal deformation, and to predict development patterns of a tectonic zone.
Conclusion
Neotectonic case study executed on the Central Japan, which was generally regarded as an uplifted area under E-W compression, has presented a new interpretation for the history of crustal deformation. A comprehensive review of paleomagnetic data from the Neogene to Quaternary has delineated a shear deformation zone (CJSZ) crossing the ISTL, most conspicuous structural break from the viewpoint of geomorphology and geology. It is noteworthy that the CJSZ extends to the east of ISTL, an area which was believed to be a deformation zone bounded by reverse faults (Omine belt). Our new entry of paleomagnetic data suggests that the Omine belt was rotated clockwise before a remarkable tilt. Tectonic tilting of the study area is closely linked with commencement of vigorous uplift of the Central Japan and probable activation of reverse faulting on the ISTL. Radiometric ages of exhumed Quaternary pluton in the mountainous ranges constrain the initiation timing of E-W contraction to be 1.4 Ma (Harayama, 1992) . On the other hand, paleomagnetic record obtained from the Kamitakara Pyroclastic Flow Deposit (Table 1) implies that clockwise rotation resumed in a part of CJSZ during late Quaternary. Together with recent development of geodetic analyses, our result indicates that a tectonic switch has been working in the study area. Namely, crustal deformation of the Central Japan commenced under prevailing shear deformation along the NE-SW trending CJSZ, and was succeeded by a strong E-W contraction around the middle of Quaternary. Although the mechanism governing the temporal change in deformation modes is not clearly understood, the contractional regime waned in late Quaternary, and the present crustal strain is concentrated on the NKTZ defined on the basis of geodetic data, which is almost identical with the CJSZ, with negligible contribution of the ISTL. Thus the tectonic evolution is not controlled by a steady-state regime as was accepted in geological discussion, but to be interpreted on the assumption of transient tectonic architecture. Next, closer look on the vertical-axis rotation pattern revealed by paleomagnetism implies progressive segmentation of upper crust along a master fault and deformation of rotated blocks bounded by nested-faults, presence of which was confirmed through field survey. A mid-crust low-velocity portion underlying the NKTZ (Figure 1 ) may have enhanced shear deformation and development of nested-faults in the brittle supracrustal layer. In order to understand how the density of fractures and width of a damage zone are determined, further quantitative research is required on an active fault, of which geophysical and geological properties have been determined in depth.
Computer simulation of crustal deformation is useful for the understanding of spatial distribution of strain, and prediction of future developments of a tectonic zone. Quantitative dislocation models successfully replicate complicated paleomagnetic rotation history suggesting that it has been controlled by kinematic transitions between active fault segments in the study area. Hence, the present study demonstrates that a quantitative description of crustal strain, provided by means of paleomagnetism and geomorphology, gives a firm basis of parameter setting during the course of a numerical modeling. Our approach is expected to be effective for tectonic studies pursuing evolution of crustal structure through longer geologic periods, and for establishment of methodology of tectonic research integrating geology, geomorphology and geophysics. Several decades have passed since a quantitative deformation model of the Japanese Islands was submitted on the basis of geodetic analyses. It seems, however, that comprehensive geologic investigation in order to accommodate short-/ long-term aspects of tectonic events has not been organized. Mid-crust P-wave velocity anomaly on the NKTZ inevitably suggests accumulation of crustal strain in geologic time-scale. Concept of tectonic switch should be verified on the basis of geologic survey for realistic evaluation of seismic risk of active faults. Temporal change in deformation modes results in fluctuation of slip rates on active faults, and affects the evaluation derived from average slip rates.
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